Purpose: Geographic atrophy (GA) is the sequelae of macular degeneration. Automated inner retinal analysis using optical coherence tomography is flawed because segmentation software is calibrated for normal eyes. The purpose of this study is to determine whether ganglion cell layer (GCL) volume is reduced in GA using manual analysis.
G eographic atrophy (GA) is a highly prevalent, devastating end-stage result of long-standing age-related macular degeneration (AMD) characterized by loss of the retinal pigment epithelium (RPE) and retinal photoreceptors. 1 Histopathologic studies have reported an additional loss of ganglion cells when significant outer nuclear layer (ONL) thinning is present. 2 On spectral domain optical coherence tomography (OCT), ganglion cell deterioration can be grossly tracked by measuring ganglion cell volume with automated semiquantitative methods. 3 Individual retinal layers have been studied on the Cirrus machine (Carl Zeiss Meditec, Inc, Jena, Germany) in GA with automated segmentation, confirming decreased ganglion cell thicknesses. 4 On the Cirrus, macular ganglion cell and inner plexiform layer measurements have been made using automated segmentation in patients with and without glaucoma, but ganglion cell layer (GCL) volume has not been isolated in the macula. 5, 6 However, spectral domain OCT image analysis automated segmentation software is error-prone and nonrepeatable in eyes with retinal pathology. 7 Thus far, only automated segmentation algorithms have been used to evaluate the macular GCL and retinal nerve fiber layer (RNFL) volumes in patients with GA. This study specially used manual correction of automatic segmentation in Heidelberg spectral domain OCT images by retinal specialists to reduce computational errors. Our patients with GA mainly have disease affecting the central 3 mm of the macula, so we decided to look at the inner circle of the early treatment diabetic retinopathy study (ETDRS) map and use the 3-mm to 6-mm circle volumes as an internal control to see whether the findings in the affected areas of GA are different from those in the area without this pathology.
We expect that loss of the GCL would be associated with pseudoexpansion of the RNFL, as previously reported, 8 and we decided to evaluate the entire macula to assess for local (3 mm) involvement using the 3-mm to 6-mm unaffected zones as a negative control. It is important to know whether there is damage to the inner retina to know if replacing the RPE and/or photoreceptor layer can restore vision in patients with GA. With a small hypothesized decrease in macular GCL volume, we do not expect to see a significant decrease in circumpapillary RNFL measurements. However, confirming this in patients with subfoveal GA is important to ensure that sufficient residual RNFL is present to stimulate with future therapies. Circumpapillary RNFL scans were also obtained to determine whether the RNFL in the more affected quadrants is reduced in patients with asymmetric GA.
We designed this study to accurately assess the volume of the macula's inner retinal layers to determine whether ganglion cells are lost in patients with GA when compared with healthy controls.
Methods

Data Collection
This Health Insurance Portability and Accountability compliant retrospective study was approved by the institutional review board at the University of California, San Diego, and performed in compliance with the Declaration of Helsinki. A computer-based data search of patients who had retinal imaging at the Jacobs Retina Center at the Shiley Eye Institute between 2014 and 2016 yielded records for 43 patients with subfoveal GA and 38 healthy controls who underwent OCT with Spectralis (HRA2/Spectralis acquisition module 6.3.2.0; Heidelberg Engineering, Heidelberg, Germany). Medical charts were reviewed for patient's sex, date of birth, Snellen visual acuity, ETDRS letters seen, lens status, intraocular pressure, and ocular history. These data were recorded, and eligibility for the study was determined.
Inclusion criteria were age more than 50 years and diagnosis of GA involving the fovea from dry AMD. Geographic atrophy was defined based on an area of RPE loss and punched out atrophy on clinical examination that corresponded with an area of hypoautofluorescence and ONL loss on OCT within the macula. Exclusion criteria were intraocular surgery other than cataract surgery, intravitreal injection treatment, and history of laser photocoagulation or photodynamic therapy. Patients who had ocular hypertension (intraocular pressure . 25) at any clinical visit or a diagnosis of glaucoma in the included eye were excluded. Included eyes had OCT images with sufficient quality for manual segmentation with at least a 37-line horizontal raster of the macula. Circumpapillary RNFL scans without artifact on the topographic maps were included.
Image Analysis
The scan pattern used to measure central macular thicknesses, and GCL thickness was a dense high-speed scan pattern. Each image had 7 mm axial and 14 mm transverse resolutions in tissue and consisted of a 768 by 241 volume cube (30°horizontal · 25°vertical, 241 horizontal lines of 768 A-scans each) with frame averaging set to 8 scans yielding a sampling or pixel size of 11 mm in horizontal direction and 30 mm in vertical direction. The patients were scanned with the highresolution scan pattern volume scan (20°horizontal · 15°vertical, at least 37 horizontal lines of 1,536 A scans each) with frame averaging set to 8 scans. The OCT images were viewed on the Heidelberg Eye Explorer (Heyex version 1.9.10.0; Heidelberg Engineering), and the built-in software (HRA/Spectralis viewing module 6.3.4.0) was used to manually delineate the internal limiting membrane, RNFL, GCL, inner plexiform layer, outer plexiform layer, and the external limiting membrane (Figure 1 ). To control for grader bias, two image readers performed manual correction of segmentation, after which two more retina specialists reviewed and edited segmentation, if necessary. If they were any disputes, a third reader (W.R.F.) broke the tie. The graders who did the initial segmentation did not have access to volumetric data or perform data extraction. The layer thicknesses were measured in the central 1 mm and superior, inferior, nasal, and temporal regions, up to 6 mm from the center.
Patients with poor OCT data (signal quality score #15) or images with nonsegmentable retinal layers because of a discontinuous vessel pattern or haze were excluded from this study. The Q score for the scans was collected and reported for circumpapillary scans. The Q score is not reported for the volume scans because there are 241 individual Q scores per volume scan, and the machine does not provide the average Q score. We used the frame-averaging technique of the Heidelberg scanning laser opthalmoscopy to improve the visibility of retinal layers.
Once manually corrected segmentation was accomplished, the volume (V) of the retinal layers was calculated using the following formulae:
Segment betweenðbtwÞ 1 mm and 3 mm Circle V ¼ Ave: ThicknessðmmÞ · p · 500000:
Segment btw 3 mm and 6 mm Circle V ¼ Ave: ThicknessðmmÞ · p · 1687500:
Segment btw 1 mm and 3 mm CircleÞ:
Segment btw 3 mm and 6 mm CircleÞ:
In addition, circumpapillary scans were performed with a diameter of 12°, and each scan was the composite of 100 individual scans using the automatic retinal tracker in the high-speed mode. The retinal thicknesses of the circle scans were measured using the Heidelberg Eye Explorer software. Images were examined by the investigator. Eleven eyes with GA without glaucoma were included for circumpapillary scans. Normal eyes were not scanned because the Heidelberg software includes a normative age-adjusted database as a control, and the control values in each quadrant for each scan were recorded and used for reference.
Geographic Atrophy Image Analysis
The Heidelberg retina angiograph 2 (HRA2; Heidelberg Engineering) was used to acquire the fundus autofluorescence images. Standard protocol for image acquisition involved excitation at the argon blue wavelength 488 nm with an optically pumped solidstate laser and emission detected above 500 nm with a barrier filter. Typically, 9 to 15 images were averaged to acquire a mean image. Either the automatic real time mode or the mean image mode was used for all fundus autofluorescence image acquisition. The illumination beam is 3 mm in diameter, and the aperture of the dilated eye is used to collect light from the posterior pole.
Two separate graders calculated total GA area on the digital images using the Heidelberg imaging analysis software. Each grader used a computer mouse to manually trace all areas of GA within the vascular arcades. Geographic atrophy was recognized as welldemarcated black areas corresponding to dead or absent RPE. In normal eyes, there is hypofluorescence of the fovea from the luteal pigment and melanin. Given that this area is variable in person to person, the normal area of macular hypoautofluorescence was measured in controls and reported (Table 1) .
Peripapillary atrophy was included in the tracing only if it was confluent with macular GA. Areas of intact autofluorescence within GA were also traced but with a different color to signify sparing of RPE. Areas of atrophy smaller than 0.02 mm 2 were excluded. Graders assessing total GA area were masked to each other. The Heidelberg imaging analysis software automates conversion of pixels to mm 2 based on the magnification factors of the imaging device.
The location of GA in the macula was measured by placing an ETDRS grid from the Heidelberg imaging analysis software centered on fovea using the fundus autofluorescence image. Then, the topographic areas of fundus hypoautofluorescence were tabulated in a binary fashion (central 1 mm, central 3-, 6-mm circle in the superior, inferior, temporal, and nasal locations). The symmetry of each autofluorescence image associated with a circumpapillary RNFL scan was graded by masked readers using the ETDRS circle overlay on the autofluorescence image. If the measured area of hypofluorescence in the 3-to 6-mm circle in the superior quadrant was within 10% of the area of hypofluorescence in the 3-to 6-mm circle in the inferior quadrant, the image was graded as central. If the value was at least 10% greater in the superior or inferior image, it was graded as superior or inferior, respectively.
The ONL volume was also calculated by manually correcting the segmentation lines of the outer plexiform layer and external limiting membrane for all scans and using Heidelberg imaging analysis software to generate a volume based on the same aforementioned algorithm for the other retinal volumes.
Using these methods, the amount of GA was defined by both area of fundus hypoautofluorescence and ONL volume. The location(s) and symmetry of GA involvement are described using the ETDRS circle and area mapping (Figure 2 ).
Statistical Analyses
To evaluate differences in measurements between study groups, linear mixed models were fitted with the measurement as the response and the patient diagnosis as a grouping factor using study subject as a random effect to account for the fact, some participants had two eyes included in the study. Age and lens status were also included in the model to account for the effect of these variables. Linear mixed modeling was used to assess associations between measurement variables. Eyes with missing data for either variable being analyzed were dropped from that part of the analysis. Correlation coefficients were calculated using Spearman's rank correlation coefficient, and the relationship between the lens and grouping was evaluated using a chi-squared test. In this analysis, a linear mixed model was fit with subject ID as random effect to account for the fact that some subjects had two eyes in the study. In the plots, raw data and plotted lines and P values from the linear mixed lens-and agecorrected models are shown. A t-test was used to analyze the difference in the RNFL quadrants in patients with superior and inferior GAs. All analyses were undertaken using R statistical software. 9 
Results
Nineteen eyes with GA and 22 control eyes met the inclusion and exclusion criteria of the study and were analyzed for macular volumes. Eleven eyes with GA were analyzed with circumpapillary RNFL scans. The patients in the GA group had a similar sex, eye laterality, and lens status when compared with the control population (Table 1) . Patients with GA (mean age 78.4 ± 9.4 years) were slightly older than the controls (70.9 ± 10.7 years, P = 0.04), so this was accounted for in future analyses.
Patients with GA had a greater area of macular hypoautofluorescence (P , 0.001) and lower vision as measured by ETDRS letters (P , 0.001) than the Fig. 2 . Methodology of GA localization and symmetry. A. Bar plot demonstrating the ETDRS quadrants affected in our GA population. All patients had involvement of the central 1 mm and central 3 mm, whereas some had mild involvement in the 6-mm circles. B. Autofluorescence image of a GA patient with the quantified area of macular hypoautofluorescence using the Heidelberg software tool. C. Autofluorescence image with the ETDRS grid overlay, demonstrating mild involvement of the nasal and superior 3-mm to 6-mm areas. D. Autofluorescence image with the ETDRS grid overlay and the area of macular hypoautofluorescence drawn in the inferior 3 mm to 6 mm using the Heidelberg software tool, demonstrating asymmetric inferior GA.
controls. The area of macular hypoautofluorescence negatively correlated with ONL volume (Spearman's Rho = 20.436, P = 0.003). Outer nuclear layer volume (mm 3 ) in the central 3 mm is significantly less in patients with GA (0.33 ± 0.05) when compared with controls (0.50 ± 0.07; P , 0.001). Outer nuclear layer volume was preserved in the 6-mm circle because most GA lesions were isolated to the central 3 mm (Figure 2) .
Quantitative measurements of the macular inner retinal volumes in the central 3 mm and 6 mm are presented ( Table 2 ). The ganglion cell volume (mm 3 ) is significantly less in the central 3 mm in patients with GA (0.256 ± 0.048) when compared with controls (0.303 ± 0.036, P = 0.007). There is a positive correlation between GCL volume in the central 3 mm of the macula and ONL volume (P = 0.020) and GCL volume and area of macular hypoautofluorescence (P = 0.0112).
There is a significantly greater RNFL volume at 3 mm (P = 0.024) but not at 6 mm in patients with GA compared with controls. We also found a significant correlation between RNFL volume at 3 mm and the log of the hypoautofluorescence area (P = 0.028).
When the circumpapillary RNFL was analyzed in patients with asymmetric GA, mean superior RNFL thickness was less in superior patients with GA compared with inferior (P = 0.084) and central patients with (P = 0.079) GA, but these findings were not significant (Table 3) . Similar findings were seen in inferior patients with GA, and no difference was seen in temporal RNFL. The global circumpapillary RNFL is similar to controls in all groups.
There is no significant difference in inner plexiform layer or ganglion cell complex volumes at 3 mm or 6 mm in patients with GA when compared with controls. Ganglion cell layer volume was not significantly associated with ETDRS letters seen (P . 0.1).
Discussion
Although it is well known that dry AMD-associated subfoveal GA results in photoreceptors loss 10 in the outer retina, very few studies have looked at the inner retina in this population. 2, 4, 11 In this study, we used manual correction of automated segmentation to quantify the macular RNFL, GCL, inner plexiform layer, and ONL in the central 3 mm of the macula in patients with GA and healthy controls. We quantified the extent and location of GA involvement and used the 3-to 6-mm quadrants of the ETDRS circle as an internal control to determine whether the volumetric changes found were localized to the affected area of GA. Circumpapillary RNFL scans were also performed in patients with GA to confirm that no significant RNFL loss results from these focal lesions. We used multiple graders to manually calibrate segmentation and calculated inner and outer retinal volumes. Patients with a history of ocular hypertension or glaucoma were excluded. To our knowledge, this is the first study to evaluate the GCL separating from the ganglion cell complex using manual calibration of segmentation with spectral domain OCT in patients with nonexudative GA. It is also the first study to compare circumpapillary RNFL findings with location of GA. We found a small (16%) significant decrease in the GCL volume in patients with GA with an associated local increase in the macular RNFL volume with preservation of the circumpapillary RNFL.
The authors believe that the increased macular RNFL volumes in patients with GA is due to pseudoexpansion of the RNFL into the lost GCL, similar to what is seen in cotton wool spots with pseudoexpansion of the ONL, once the RNFL develops atrophy. 8 Although macular RNFL values were increased, the circumpapillary RNFL values were similar to the age-matched controls, indicating that this phenomenon may only be happening in the area adjacent to the area of outer retinal atrophy ( Figure 1 ). We noted more GCL loss in the central 3 mm with preservation of the 6-mm area, which served as our internal control because the GA lesions in our population affected the central 3 mm of the macula much more than the 6-mm area. Histopathologic studies with a 77% loss of the ONL had 74% preservation of the GCL. 2 Compared with this study, our patients with GA only had a 16.2% loss of the ONL at 3 mm with preservation of 83.7% of the GCL. The histopathologic study was performed on 10 eyes (mean age 80.2 years) compared with our study on 22 eyes (mean age 77.4 years). Other histopathologic reports 12 that demonstrated preservation of the GCL in AMD were in patients with early dry AMD without advanced subfoveal GA. In a study by our group, we found no significant difference in the mean RNFL and GCL thicknesses in patients with other stages of dry AMD but increased RNFL and GCL in patients with wet AMD using similar methods. 13 In this study, GCL loss is linearly associated with ONL loss and hypoautofluorescence area, two separate measures of GA severity (Figure 3 ). This result was confirmed in our population and correlates with clinical expectations.
Directional OCT increases the contrast of the ONL in one half of the image at a time. Although this technique is helpful for single image acquisition on the Cirrus OCT, 14 Heidelberg software's frame averaging and built-in hardware eye tracker allow for excellent detail of retinal layers. Using automated segmentation on the Cirrus HD OCT, Zucchiatti et al 4 reported that the ganglion cell complex of patients with GA was significantly thinner than controls. In this study, we found no difference in the ganglion cell complex and only a difference in the GCL layer. We believe that our findings differ from the previous report because our findings are more accurate, given manual correction of segmentation by multiple masked image graders and superior raw images with better contrast between retinal layers with Heidelberg scanning laser opthalmoscopy when compared with the Cirrus OCT. Both of our reports show that there is more preservation of the inner retina in GA from AMD than in retinitis pigmentosa. 15 Fig. 3 . Decreased GCL volume with increased GA severity. A. Scatter plot demonstrating a significant correlation between GCL volume and macular hypoautofluorescence area, P = 0.0112. B. Scatter plot demonstrating a significant correlation between GCL volume and ONL volume, P = 0.0201. C. Scatter plot demonstrating a significant correlation between RNFL volume and macular hypoautofluorescence area, P = 0.00284. D. Scatter plot demonstrating a significant correlation between ONL volume and macular hypoautofluorescence area, P = 0.00240. *P , 0.05.
One hypothesis for GCL loss in GA is ganglion cell apoptosis from transneuronal degeneration over time. In monkeys exposed to surgical ablation of visual input from the fovea, significant GCL loss developed from retrograde transneuronal degeneration. 16 In advanced GA, visual input to the GCL is reduced from loss of retinal photoreceptors, and this may result in a similar phenomenon of retrograde transneuronal degeneration. A recent study in mice with retinal degeneration demonstrated that photoreceptor loss resulted in decreased synaptic input to retinal ganglion cells and loss of peripheral ganglion cells. 17 Another hypothesis is that the retinal photoreceptors as well as inner nuclear layer cells are chronically hypoperfused and ischemic from microvascular choroidal damage from AMD. 18 It has recently been shown that GCL loss in the macula can temporally precede circumpapillary RNFL loss in the same location in patients with early-stage glaucoma. 19 Although this may be due to cell loss preceding axonal loss, the RNFL measurement also includes glial cells and blood vessels, which are included in the RNFL thickness measurement along with axons. 20, 21 An interesting finding in both our studies and the Zucchiatti study 4 is that the macular RNFL is increased while the GCL is decreased. The topographic map in Figure 1H demonstrates that macular RNFL is still reduced over the focal lesion, but the cumulative measurement in the central 3 mm is increased (Table 2 ). One hypothesis is that preserved islands of photoreceptors adjacent to the area of atrophy may still be providing visual input to peripapillary nerve fibers. 10 It has been shown that photoreceptors in uninvolved areas may stimulate the GCL through retinal interneurons such as amacrine cells with very long processes. 22 After retinal injury, Müller glial cells proliferate and dedifferentiate into horizontal cells with wide receptive fields, 23 and this may preserve and amplify signals from the remaining photoreceptors to the GCL. The effect of RNFL pseudoexpansion is limited to the macula, and the global circumpapillary RNFL values are similar to age-matched controls. We measured the macular and circumpapillary RNFL. As expected, the small focal area of GCL loss does not cause a significant loss of the circumpapillary RNFL, confirming our hypothesis that significant residual RNFL is present in patients with GA. Although there is a trend toward superior GA causing more superior RNFL loss and inferior GA resulting in more inferior RNFL loss, these results were not significant. From the glaucoma literature, 19, 21 we know that inferior macular GCL loss is associated with inferior circumpapillary RNFL loss. In this population, further studies are necessary to evaluate these findings over time.
One of the limitations of this study is that the sample size was moderate, but the study was adequately powered to detect a clinically significant difference in retinal volumes. Given the high quality of the data collected and the highly significant difference in GCL volume between the groups, enrolling additional patients was not necessary to draw a clear conclusion. Another potential limitation would be grader bias with manual segmentation, as GCL thickness in GA is often apparent on OCT. Given manual segmentation is much more accurate than automated segmentation in pathologic eyes, retina specialists comfortable with the anatomical layers of the retina on OCT are the best candidates for manual segmentation. Furthermore, although the specialists involved with segmentation in this study were aware of the study purposes, it would be difficult to have naive retinal specialists who would not recognize the classic repeated layer patterns of GA. To account for this, multiple graders masked to the volume measurements performed the segmentation to avoid biasing the results.
There was a slight difference in age between the groups. Although there is an age-associated decrease in RNFL, 24 GCL does not change with age. 25 Therefore, the age difference does not influence our main conclusion. This was a retrospective study without long-term follow-up. Although we saw a significant correlation between GCL volume and ONL volume and macular hypoautofluorescence, it is important in future studies to prospectively evaluate the GCL volume over years to see if progression of ONL atrophy is associated with decreased GCL volume and circumpapillary RNFL thickness.
Others have shown that the optic disk of eyes with large areas of advanced AMD (with either a disciform scar or GA) is more likely to be classified as glaucomatous by glaucoma specialists when compared with the fellow eye. 26 Although we did encounter these patients in the screening group, if a glaucoma specialist determined glaucoma was present (not just suspect), the patient was excluded from analysis in this study. It is possible that some patients without glaucoma but with nerves that appeared glaucomatous secondary to GA were excluded from this study for this reason, but because the clinical distinction is difficult, this was done to keep a homogenous study population. Future studies evaluating the effect of glaucoma on inner retinal volumes in patients with GA are important to understand the effects on GCL volume and would require large numbers and longitudinal follow-up.
This study makes a significant contribution to the literature by increasing our understanding of inner retinal anatomy in patients with subfoveal GA from dry macular degeneration. The significant but small loss of the GCL overlying the area of GA is important to take into consideration when planning therapeutic intervention. Most of the GCL and RNFL remain intact even with significant outer retinal loss, so stimulation of the GCL with retinal prosthetics in patients with GA may be clinically useful. Future prospective longitudinal studies could better demonstrate the long-term inner retinal changes in GA. It is important to know whether replacing the RPE and/or photoreceptor layer can restore vision in patients with mild GCL loss. The ability to study the inner retinal structures in eyes with GA will give us important information when selecting possible therapies for patients with advanced outer retinal disease.
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